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1
METHOD AND APPARATUS FOR IN-SITU
HEALTH MONITORING OF SOLAR CELLS
IN SPACE

FIELD

The present invention generally relates to a method and an
apparatus to monitor solar cells, and more particularly, to a
method and apparatus to perform in-situ health monitoring of
solar cells in space.

BACKGROUND

Generally, unmanned orbital craft use in-situ or in place
health monitoring of solar cells. However, bus circuitry in
satellites, for example, does not account for in-situ health
monitoring of solar cells in the satellite. The bus circuitry of
the satellite generally includes dual analog to digital con-
verter (AD) channels and a switchable 28 volt power supply.
For in-situ health monitoring of solar cells, measurement of
current versus voltage (I-V) curves are performed. To per-
form measurement of I-V curves, large, high wattage switch-
able resistor arrays or active current sources are used. How-
ever, the large, high wattage switchable resistor arrays or
active current sources damage solar cells under test through
overdriving.

SUMMARY

Some embodiments of the present invention describe an
apparatus that includes an oscillator, a ramp generator, and an
inverter. The apparatus includes an oscillator, an inverter, and
a ramp generator. The oscillator is configured to generate a
waveform comprising a low time and a high time. The inverter
is configured to receive the waveform generated by the oscil-
lator, and to invert the waveform. The ramp generator is
configured to increase a gate control voltage of a transistor
connected to a solar cell, and then rapidly decrease the gate
control voltage of the transistor. During the low time of the
waveform, a measurement of a current and a voltage of the
solar cell is performed as the current and voltage of the solar
cell are transmitted through a first channel and to a second
channel. During the high time of the waveform, a measure-
ment of a current of a shorted cell and a voltage reference is
performed as the current of the shorted cell and the voltage
reference are transmitted through the first channel and the
second channel.

Another embodiment of the present invention describes an
apparatus that includes an oscillator, an inverter, a ramp gen-
erator, and a solar cell string. The oscillator is operatively
connected to a first set of switches and a second set of
switches, and is configured to output a waveform with a low
time and a high time. The inverter is operatively connected to
the oscillator, and is configured to invert the waveform
received from the oscillator. The ramp generator is opera-
tively connected to the oscillator, and is configured to
increase a gate control voltage of a first transistor and
decrease the gate control voltage of the first transistor. The
solar cell string includes a first node operatively connected to
a drain of the first transistor, and a second node operatively
connected to a source of the first transistor via a first resistor.
When the ramp generator increases the gate control voltage of
the first transistor, the solar cell string is subjected to a
decreasing resistance to monitor a voltage and a current of the
solar cell string.

Another embodiment of the present invention describes a
method that includes generating a waveform comprising a
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low time and a high time. The method includes receiving the
waveform from an oscillator, and inverting the waveform.
The method also includes increasing a gate control voltage of
a transistor connected to a solar cell, and rapidly decreasing
the gate control voltage of the transistor. The method also
includes measuring, during the low time of the waveform, a
current and a voltage of the solar cell as the current and
voltage of the solar cell are transmitted through a first channel
and to a second channel. The method also includes measur-
ing, during the high time of the waveform, a current of a
shorted cell and a voltage reference as the current of the
shorted cell and the voltage reference are transmitted through
the first channel and the second channel.

Another embodiment of the present invention describes a
method. The method includes outputting waveform with a
low time and a high time, and inverting the waveform
received from the oscillator. The method also includes
increasing a gate control voltage of a first transistor and
decreasing the gate control voltage of the first transistor. The
method also includes subjecting a solar cell string to a
decreasing resistance and monitoring a voltage and a current
of the solar cell string by increasing a voltage of the first
transistor, which is connected to the solar cell string.

Another embodiment of the present invention describes an
apparatus that is configured to measure a plurality of mea-
surement variables on two channels. The apparatus includes a
clock generator configured to generate a waveform operating
at one cycle per second. The apparatus also includes a ramp
generator configured to increase a gate control voltage on a
transistor connected to a solar cell and decrease the gate
control voltage connected to the transistor. The apparatus also
includes a switch configured to allow the ramp generator to
increase the gate control voltage of the transistor, and to allow
current and voltage measurements on the two channels, dur-
ing along period of the cycle. The switch is further configured
to allow the ramp generator to decrease the gate control
voltage, and to allow a shorted cell and a voltage reference to
be measured on the two channels, during a short period of the
cycle.

BRIEF DESCRIPTION OF THE DRAWINGS

For proper understanding of the present invention, refer-
ence should be made to the accompanying drawings,
wherein:

FIG. 1 illustrates a solar cell board, in accordance with an
embodiment of the present invention.

FIGS. 2A-2C illustrate the solar cell board, in accordance
with another embodiment of the present invention.

FIG. 3 illustrates a method of measuring four variables on
a solar cell board including two channels, in accordance with
an embodiment of the present invention.

FIG. 4 illustrates a method for detecting when power is
removed from the solar cell board, in accordance with an
embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

It will be readily understood that the components of the
present invention, as generally described and illustrated in the
figures herein, may be arranged and designed in a wide vari-
ety of different configurations. Thus, the following detailed
description of the embodiments of an apparatus, a system, a
method, and a computer readable medium, as represented in
the attached figures, is not intended to limit the scope of the
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invention as claimed, but is merely representative of selected
embodiments of the invention.

The features, structures, or characteristics of the invention
described throughout this specification may be combined in
any suitable manner in one or more embodiments. For
example, the usage of “certain embodiments,” “some
embodiments,” or other similar language, throughout this
specification refers to the fact that a particular feature, struc-
ture, or characteristic described in connection with the
embodiment may be included in at least one embodiment of
the present invention. Thus, appearances of the phrases “in
certain embodiments,” “in some embodiments,” “in other
embodiments,” or other similar language, throughout this
specification do not necessarily all refer to the same group of
embodiments, and the described features, structures, or char-
acteristics may be combined in any suitable manner in one or
more embodiments.

Embodiments of the present invention provide a method
and an apparatus configured to perform in-situ measurements
of test solar cell operational parameters on orbit using high
temperature and high ionizing radiation tolerant electronic
components. Measurement of solar cell current versus volt-
age (I-V) curves generally use a four-wire, or Kelvin mea-
surement circuit. In the Kelvin measurement circuit for a
solar cell string, two wires connect to a positive terminal of
the solar cell string and two wires connect to the negative
terminal of the solar cell string. One pair of wires is chosen to
pass the current flowing from the solar cell string as it is
loaded, while another pair is used such that little or no current
flows through. The other pair is used to measure the voltage
across the solar cell string as it is loaded. To achieve an I-V
curve, a resistive load across the solar cell string is adjusted
from little or no current flowing to near maximum current
flowing. As sweeping occurs, the current flowing through the
solar cell string and the voltage across the solar cell string are
measured to create data pairs of current versus voltage of the
solar cell.

FIG.1is ablock diagram illustrating a solar cell board 100,
in accordance with an embodiment of the present invention.

The solar cell board 100 includes an oscillator (OSC) dis-
posed near a center of the board 100. The OSC, however, is
not restricted to the center of the board, but can be disposed at
any location on the board based on the configuration of the
board. The OSC may be known as the heartbeat or pulse of the
system.

In this embodiment, the OSC outputs a waveform to an
inverter 12, a ramp generator, and to a set of switches S3, S4.
The waveform may operate at 1 cycle per second or at a
frequency of 1 hertz (Hz). The waveform is a sufficiently long
period to measure the I-V curve. It should be noted, however,
that the OSC is not restricted to outputted 1 Hz, but can output
a frequency higher or lower than 1 Hz depending on the
configuration of electrical components in the solar cell board
100 and/or solar cell string (to be later described). In this
embodiment, the outputted waveform also has a low period of
approximately 880 milliseconds (mS) and a high period of
approximately 120 milliseconds (mS). A person of ordinary
skill in the art would appreciate that the periods may vary.

The inverter 12 receives the outputted waveform and gen-
erates an inverted waveform with a high period of 880 mS and
alow period of 120 mS. During the high period of the inverted
waveform, a processor (not illustrated) performs measure-
ment of the current versus voltage of the solar cell. The
processor can be outside of the solar cell board, or could be
configured to be embedded on the solar cell board. During the
low period of the inverted waveform, the processor measures
a current of a shorted solar cell and a 10 volt bus.
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At the same time, the ramp generator receives the wave-
form and generates a ramp to slowly increases voltage over
the low period of the non-inverted waveform and then quickly
decreases the voltage over the high period of the non-inverted
waveform. In other words, the ramp generator creates a saw
tooth wave that slowly increases voltage followed by a rapid
decrease in voltage. The saw tooth wave is applied to the gate
of an n-channel enhancement mode metal-oxide-semicon-
ductor field-effect transistor (MOSFET, MOS-FET, or MOS
FET) T1. As voltage on the gate of MOSFET T1 becomes
more positive in regards to its source, which is tied to a 0.2
ohm resistor R1, the resistance of the channel decreases. For
example, when the voltage to the gate is increased from
approximately zero O volts to some threshold level of MOS-
FET T1, the resistance of the channel reduces to thousandths
of'an ohm. The threshold level can be, for example, 6.24 volts,
which is adequate to turn MOSFET T1 completely on.

The generation of the saw tooth wave by the ramp genera-
tor allows for a channel resistance of MOSFET T1 to be
conducted by sweeping the channel resistance from a very
high resistance to a very low resistance. The sweeping of the
channel resistance causes a variable resistance to take place.
Because channel resistance is being conducted, MOSFET T1
can be called a variable resistor.

The embodiment shown in FIG. 1 also includes a solar cell
string. A top node of the solar cell string is tied to a drain of
MOSFET T1. A bottom node of the solar cell string is tied to
the 0.2 ohm resistor R1, which is tied to the source of MOS-
FET T1. By tying the solar cell string to MOSFET T1, the
solar cell string can be subjected to an ever decreasing resis-
tance as the ramp generator slowly increases the voltage to a
gate of MOSFET T1. For example, at the beginning of the
cycle, the solar cell string has as an infinite resistance because
the ramp generator applies close to 0 volts to the gate. In other
words, the solar cell string does not have real current flowing
out ofit. This condition of the solar cell string can be called an
unloaded condition, a zero current condition, or an open
circuit condition.

However, as voltage is increased, the solar cell string is
taken through its entire load line, and all the way down to the
point where MOSFET T1 is effectively shorted. At this junc-
ture, there is about 200 milliohms across MOSFET T1, which
effectively causes a short circuit. Such short circuit allows the
solar cell string to be monitored from an open circuit to the
short circuit. As a result, the voltage and the current of the
solar cell string can be effectively monitored.

FIG. 1 also illustrates a difference amplifier G1 that
receives two wires from the solar cell string. In particular, the
two wires are received at a non-inverting or positive input and
an inverting or negative input of the difference amplifier G1.
Voltage being outputted from the difference amplifier G1
represents a difference between voltage received at the posi-
tive input and voltage received at the negative input. For
example, while the ramp generator slowly increases voltage,
a first analog to digital converter channel ADC1 receives
String Voltage or String V conditioned by difference amplifier
G1. In other words, difference amplifier G1 is constantly
across the solar cell string, and represents no real load.

During the sweeping period, String V outputs the voltage
coming across the solar cell string. Simultaneously, difter-
ence amplifier G2 conditions the voltage produced across the
0.2 ohm resistor R1. For example, the difference amplifier G2
provides a gain of 76.39 to the voltage across the 0.2 ohm
resistor R1, and adds that voltage to an offset voltage. The
gain can be dependent on the resistors in difference amplifier,
and be modified to fit the solar cell current. The offset voltages
are added to each of the inputs to ensure the operational
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amplifiers operate in their linear region. The voltage produced
across the 0.2 ohm resistor R1 is analogous to, or is a function
of, the current flowing out of the solar cell string as the sweep
occurs. Therefore, as the channel resistance in MOSFET T1
reduces, the current from the solar cell string is increased
because less impedance is coming across. Simultaneously,
the voltage across the 0.2 ohm resistor R1 is increased, which
is conditioned by difference amplifier G2, and travels into a
second analog to digital converter channel ADC2. This allows
the voltage on ADCI1 (or voltage on String V) to starthigh and
then start sweeping low, and also allows for the voltage on
ADC?2 (or String I or String Current) to increase at the same
time. As a result, a characteristic curve of the solar cell or the
1-V curve can be obtained.

FIG. 1 also illustrates two switches S1, S2 to the left of
String V and String I, and two switches S3, S4 to the left of
+10 Sense and shorted cell . Switches S1, S2, S3, S4 may be
electronic or analog switches. When the inverted waveform is
in the high period, the switches S1, S2 are closed. When the
inverted waveform is in the low period, the switches S1, S2
are open. For example, when the voltage is increased,
switches S1, S2 are closed, and the two voltages of String V
and String I are passed through switches S1, S2 to ADC1 and
ADC2. In other words, during the long wave portion of the
OSC, the voltages of String V and String [ are passed through
switches 51, S2 and onto ADC1 and ADC2.

In addition, when the non-inverted waveform is in the low
period switches S3, S4 are open, and when the non-inverted
waveform is in the high period switches S3, S4 are closed.
Switches S3, S4 are closed because the voltage is no longer
being increased to the gate of MOSFET T1. Also, because
switches S3, S4 are closed, the voltage reference and the
current of the shorted cell can be measured.

Therefore, the switches illustrated in FIG. 1 allow for time-
multiplexing to occur to determine which measurements are
to be performed on ADC 1 and ADC2.

In this embodiment, a solar cell is also connected to the
board, and is tied to a 0.2 ohm resistor R2. A difference
amplifier G3 is connected to the 0.2 ohm resistor R2, and
outputs to ADC1 a voltage coming across the 0.2 ohm resis-
tor. Thus, when the period from the OSC is high, the solar cell
is shorted. The shorted solar cell provides a representative cell
that is under continuous electrical load, and is not swept
through an I-V curve. The measurement of the shorted solar
cell provides information to those monitoring the health of the
cells different to, but no less important than, that associated
with the swept cell. This allows for redundancy measure-
ments of the values of the representative cell, i.e., the solar
cell string, and the shorted solar cell to be compared. In other
words, the shorted cell measurement is a measurement that
provides an additional component of health information with
respect to the solar cell. In this embodiment, the shorted cell
is in a shorted condition, while the solar cell string is in one of
three states: (1) being swept through the IV curve, (2) in an
open circuit condition, or (3) being loaded by RLOAD in the
power down state.

The board also includes a +10 Sense voltage divider tied to
ADC2. +10 Sense divides, for example, 10 volts into half by
using two resistors R3, R4. However, the amount of voltage to
be divided may vary depending on the range of ADC1 and
ADC2. In this embodiment, +10 Sense is configured to moni-
tor for bias current, voltage supply, and open circuit and/or
short circuit measurements to determine the change in mea-
surement. In other words, +10 Sense can be used for health
measurement verification as a function of a properly regu-
lated on board power and voltage reference system.
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+10 Sense can also be used as excitation and reference
voltages to keep operational amplifiers near the most linear
operational region. +10 Sense can also determine whether the
10 volts are drooping by the comparing the 10 volts to the
measurements taken on the solar cells. In this embodiment,
the 10 volts are generated using two regulators (described
below) from a 28 volt power supply of the aircraft bus. This
allows for +10 Sense to monitor the two regulators generating
the 10 volts. If a change in voltage exists, and it has same
periodicity as the solar cell measurement with the error, then
the change in solar cell measurements can be easily attributed
to the power supply. This allows for any uncertainty that
resides in the measurement of 10 volt power supply to be
removed, as well as any uncertainty with excitation and bias
voltages to be removed.

Theboard also includes a power down load. In this embodi-
ment, when power is removed from the system, the solar cell
string under test should be continuously driven. In other
words, the solar cell string should include some load when the
power is removed from the system. To ensure that the solar
cell string is continuously loaded, a 12 ohm resistor R5 isused
to provide a load when the power goes out of the system. The
12 ohm resistor RS is also used because 12 ohms is the
nominal load, and includes about the same stress as the other
solar cells that power the aircraft.

In this embodiment, the solar cell board also uses a power
down detect such that, when power is removed from the
circuit board, the solar cell string is configured to use the
power down circuitry to turn on MOSFET T2, which provides
a circuit in the power down mode. The circuit is the solar cell
string tied across the 12 ohm resistor. Because this embodi-
ment provides representative cells and strings in an array,
which are constantly monitored for health, the life-time of the
actual array, which is creating power for the space craft, can
be predicted. Thus, the 12 ohm resistor maintains the power
of'the solar cell string at a power point at which the other solar
cells powering the aircraft are operating at. Because the solar
cell string, under test, ages at the same rate as the other solar
cells, the solar cell string should be subjected to the same
stresses as the other solar cells in the array. In other words,
because the rest of the solar cells in the array are always
powering the aircraft or are always under load, the solar cell
string should also be powered or under the same load.

Therefore, the solar cell board illustrated in FIG. 1 provides
an inexpensive, radiation and thermally hard all analog sys-
tem that is autonomous and is simple and reliable.

FIGS. 2A-2C illustrate a solar cell board in accordance
with another embodiment of the present invention. The solar
cell board in FIGS. 2A-2C includes a clock generator, a clock
inverter, an IV sweep control switch, dual multiplexors, a
current sense bridge, a shorted cell current sense bridge, a +V
sense, a +10 regulator, a +10 sense, and a +28 power down
quiescent load switch.

The solar cell board shown in FIGS. 2A-2C is designed to
solve the problem of measuring four measurement variable
using two analog to digital converter (AD) channels. The
board includes two different modes. The first mode measures
the current versus voltage (I-V) curve simultaneously. The
second mode measures a shorted cell’s current and a 10 volt
bus through a +10 sense voltage divider.

To achieve the four measurements, time-domain multi-
plexing is used to multiplex through time between the two
sets of measurements. To time-multiplex, a relaxation oscil-
lator or a clock generator is disposed on the solar cell board.
The oscillator comprises an operational amplifier U3 A, resis-
tors R23, R24, R22, R21, and a capacitor C8 to provide a
time-base for measurement sweeps on the solar cell board.
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The oscillator’s frequency is outputted at approximately 1
Hz, and is asymmetrical with a low time of about 880 mS and
a high time of 120 mS. The oscillator outputs a low period
during the low time of about 880 mS at which time the I-V
curve is measured. The oscillator also outputs a high period
during the high time of about 120 mS at which time measure-
ment of shorted cell’s current and voltage reference (e.g., +10
Sense) is performed.

When the output of the oscillator is high at pin 12, the
output of switch (or clock inverter) U2D at pin 11 is low. In
other words, when the output to pin 12 is high, pins 10 and 11
are shorted via switch U2D to tie pin 11 to pin 10. Essentially,
the shorting of pins 11 and 10 causes pin 11 to be tied to
ground of pin 10. Also, when the output of the oscillator to pin
12 is high, measurement of the shorted cell and +10 sense can
be performed during the high time of 120 mS, while measure-
ment of the I-V curve is disabled. To allow measurement of
the shorted cell and +10 sense, switch U1C is turned on
through pin 6, and switch U1B is turned on through pin 5.

However, when the oscillator’s output at pin 12 is low, pin
11 is disconnected from pin 10, and is connected to positive
10 volts via 10K resistor R33. This allows pin 11 of the clock
inverter to be tied to pins 12, 13 of switches U1D, U1A. Thus,
when the oscillator’s output at pin 12 is low, the clock inverter
generates an inverted waveform that has a high period of 880
mS and a short period of 120 mS. The generation of the
inverted waveform allows for measurements of the current
and the voltage of the solar cell to be performed.

In this embodiment, through the operation of using the
clock generator and the clock inverter, the four signals can be
multiplexed onto the two AD channels. In particular, switches
U1A, U1B, U1C, U1D allow multiplexing of four different
measurements onto the two AD channels. The clock genera-
tor and the clock inverter can be used as the control signals for
the multiplexing. The clock generator can also be used as a
time-base for when voltage is generated and applied to a gate
of'a MOSFET Q3 as the variable load. This is accomplished
by a 100K resistor R40 at the gate of MOSFET Q3, a capaci-
tor C9, and a voltage divider R41, R 37.

For example, when the output of the clock generator is low
for approximately 880 mS, pins 8, 9 of sweep control switch
U2C are disconnected. This allows voltage divider (or resis-
tors) R41, R37 and the capacitor C9 to generate a voltage to
the gate of MOSFET Q3. The generating ofthe voltage allows
for a ramp to be generated. For example, 2 volts are generated
and applied to the gate of MOSFET Q3 at the start of the 880
mS sweep window. The 2 volts is a maximum voltage to turn
off MOSFET Q3. During the 880 mS sweep window, voltage
applied to the gate is slowly increased to an upper voltage
which exceeds a worst case threshold of MOSFET Q3. For
example, a voltage is increased to about 6.24 volts, which is
adequate to turn MOSFET Q3 completely on.

In this embodiment, the voltage is increased to about 6.24
volts with a time constant based on voltage divider R37, R41
and capacitor C9. The time constant is a resistor-capacitor
(RC) time constant. The RC time constant is a resistance of
the RC circuit multiplied by a capacitance of the RC circuit.
This time constant characterizes the rise time of the voltage of
the RC circuit. For example, the time constant is the capaci-
tance of capacitor C9 multiplied by a parallel combination of
resistors R37 and R41. The resistance of the RC circuit is the
parallel combination of resistors R37 and R41, which is the
Thevenin equivalent resistance of the RC circuit.

Because five times the time constant allots for atime period
of 880 mS, the charge to the gate of MOSFET Q3 is to be
increased slowly during the clock generator’s low time. This
allows the gate to source voltage (V) to vary such that the

20

25

40

45

60

65

8
turn on voltage of MOSFET Q3, which varies the channel
resistance of MOSFET Q3, provides a variable load to per-
form a solar cell I-V sweep. It should be noted that during the
low period of 880 mS, the voltage is slowing being increased
through the capacitor’s charging time.

Voltage dividers R41, R37 and capacitor C9 can also gen-
erate a voltage low enough to turn MOSFET Q3 off. For
example, when the output at pin 12 of the clock generator is
high, pin 6 of switch U2C is at high, and pin 9 of switch U2C
is connected, via pin 8 of switch U2C, to a 22.1K resistor R34.
This allows the voltage of the gate of MOSFET Q3 to rapidly
decrease to a set point, which is below the turn on point of
MOSFET Q3. Also, 22.1 K resistor R34 is placed across
capacitor C9 to ensure that C9 discharges to a lower voltage or
approximately O volts during the 120 mS period. For
example, the lower voltage is 0.65 volts, which can be deter-
mined by the supply voltage across the voltage divider pro-
vided by resistor R41 in series with the parallel combination
ofresistors R37 and R34. The rate of the decreasing voltage is
provided by the time ofthe low period ofthe oscillator and the
RC time constant of the circuit, where the resistor R is the
parallel combination of resistors R41, R37 and R34, and the
capacitor C is C9. This lowers the resistor R of the RC time
constant, which greatly decreases the time constant. The time
constant can be reduced by a factor of 9.5, which means that
the discharge time of the cap will be 9.5 times less than it’s
charge rate. The smaller time constant makes up for the dis-
charge period of the oscillator’s waveform (e.g., the high
period), which is less than the charge period of the oscillator
waveform (e.g., the low period).

As such, the above-mentioned clock generator provides a
gate turn on voltage for MOSFET Q3, which provides a
variable load for the measurement of the I-V curve. The gate
control voltage for MOSFET Q3 is developed across capaci-
tor C9. For example, the clock generator dictates when
capacitor C9 charges up through the voltage divider R41,
R37, and when C9 discharges through the resistor divider of
R41 and R34 in parallel with R37. This embodiment allows
the above-mentioned process of measuring the four variables
to be carried out every 1 cycle per second.

As the load is varying during the I-V sweep, a drain of
MOSFET Q3 is connected to a positive current carrying input
orlead J1 (+I1, 1) of a Kelvin connection. A source of MOS-
FET Q3 is tied to a node of resistors R27, R29 so the current
flows down through MOSFET Q3 via the source. As the V ;¢
is varied, the current slowly decreases with the amount of
channel resistance. The current flows down through MOS-
FET Q3 and through current sense resistors R29, R30. Resis-
tors R29, R30 are 0.1 ohm current sense resistors, and can
vary according to the current of the solar cell. However, if a
larger solar cell providing more current is employed, then a
small resistor can be employed. In other words, the current
from MOSFET Q3 provides a voltage input to the current
sense bridge, which comprises resistor R27, R28, R29, R30,
R32, R50.

The current sense bridge also comprises switch U3B and
resistor R31. The current sense bridge accepts a current pro-
vided by the solar cell, and produces an offset voltage to
operational amplifiers. The current sense bridge provides a
gain factor of 76.4, and gives an offset of approximately 2
volts. In this embodiment, when non-linear operations at the
operational amplifier are too close to either of O voltor 10 volt
power rail, the voltage dividers and the offset are configured
to move operating points away from the power rails of the
operational amplifier and into a more linear region. Essen-
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tially, voltage divider R27, R50, and R28, R30 provide a bias
to adjust the operating point away from ground at the inputs of
the operational amplifier.

The current sense bridge can be comparable to difference
amplifier G2 in FIG. 1. Essentially, the current sense bridge
takes a difference in voltage between pins 5, 6. At pin 5, the
voltage changes linearly with the current provided by the
solar cell, which is being varied by the variable load. In other
words, the voltage at pin 5 of the operational amplifier effec-
tively changes according to the variable load. At pin 6, the
voltage remains constant due to a single voltage divider with
resistors that do not change in voltage. In other words, the
current sense bridge takes the differences in voltage between
pins 5 and 6, which is an amplified voltage proportional to the
current from the solar cell.

Also, the current sense bridge includes a resistor R31 that
acts for gain, and a capacitor C17 to filter output. At output of
operational amplifier U3B, resistor R42 acts as a current
limiting resistor to protect the circuit so excess current cannot
flow into the operational amplifier or the switch. Capacitor
C18 is an additional capacitor to filter or match capacitance
through some cabling. Resistor R42 and capacitor C18 can be
optional, as well as circuit specific.

FIGS. 2A-2C also illustrate the shorted cell current sense
bridge that can be a reproduction of the current sense bridge.
The shorted cell current sense bridge includes resistors R52,
R11,R13, R12, R19, R20, R10, a capacitor C7 (unused), and
a amplifier U3D. In this embodiment, current flows into lead
J1 (+12, 8), and through resistors R19, R20, which are com-
bined into a 0.2 ohm resistor, to generate a voltage. Resistors
R52, R13 provide a bias voltage which raises the voltage at
the input of pin 12 to the linear operating region of operational
amplifier U3D. The voltage of operational amplifier U3D
changes with the current provided through the shorted cell. It
should be noted that the shorted cell does not have a variable
load and, therefore, the current does not change through time
and remains static. The shorted cell current sense bridge also
includes a 1000 Picofarad (pF) capacitor C7 to act as a low
pass filter. The shorted cell current sense bridge can be com-
parable to G3 of FIG. 1

FIGS. 2A-2C also illustrate that the solar cell board
includes a +V Sense to provide a voltage sense across the
solar cell that is being measured. Lead J1 (+V, 6) and J1 (-V,
2) are lines from the Kelvin connection that carry a very small
amount of current. In this embodiment, the Kelvin connection
provides a four lead connection. Two leads being voltage
sense leads that carry very small amount of current, and does
not change in voltage. The other two leads are current sense
leads that carry all of the current. A return current path oflead
(-1, 7) through star ground at aboard edge, and lead J1 (-V, 2)
is connected to the return current path of lead (-1, 7) that has
a non-current carrying path, which is part of the Kelvin con-
nection. Lead J1 (-V, 2) is non-current because lead J1 (-V, 2)
has a higher impedance than the return current path of lead
(=L 7.

+V Sense circuit includes resistors RA, RB, RC, RD, RE,
R18, a capacitor C1, and an operational amplifier U3C.
Capacitor C1 provides a low pass filter in the circuit. The
resistors provide a voltage bias with a 2 volt offset, i.e., two
volts off of ground, similar to the current sense bridge. How-
ever, the resistors in the +V Sense are in series due to the
nature of measuring the voltages. +V Sense is also a differ-
ence amplifier similar to difference amplifier G1 in FIG. 1. In
particular, +V Sense measures a difference between the lead
J1(+V, 6)andlead J1 (-V, 2). The resistors in +V sense act as
a bias to add 2 volts to every voltage measurement. For
example, 2 volts can be added via resistors RD, RE, as well as
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add 2 volts to -V voltage, which will be near or approximate
ground of'the solar cell. Further, the same 2 volts can be added
via resistors RC, RB, RA. This allows for measurements in
the difference between the positive voltage of the solar cell
and the negative voltage of the solar cell to be obtained. From
the difference, a gain of 1.867 is provided to the measurement
by a combination of resistors R18, RD, RE. Other operational
amplifiers provide a gain in a similar manner.

In sum, +V sense measures the difference between the
positive and negative voltage with a 2 volt offset being added
to move the operational amplifier U3C into a linear operating
region. Also, operational amplifier U3C is provided with a
gain by multiplying the voltage by a factor of 1.867. The gain
factors can be varied by changing the resistor values based on
the voltage that are to be measured, i.e., the voltage of the
solar cell. For example, if the voltage of the solar cell is lower,
more gain can be added to provide a better resolution, but if
the voltage of the solar cell is larger, the gain values can be
reduced by adding smaller resistance components.

FIGS. 2A-2C also illustrate a +10 Sense circuit that senses
the 10 volt power supply, and comprises resistors R44, R48
with a possible capacitor CA to be employed if a low pass
filter is to be added. In this embodiment, measurement of 10
volts sense is achieved by providing a voltage divider having
two equal resistance values. The voltage divider comprises
10K resistors R44, R48. Because the resistance values of
resistors R44, R48 are equal, 5 volts should be measured at
the center of resistors R44, R48. And, when the voltage is
sampled, and when the center of resistors R44, R48 are at 10
volts, it can be determined that the 10 volt power supply is at
10 volts. If, for example, the voltage moves to 4.8 at the center
of R44, R48, then it can be determined that the power supply
changed by some factor. Because the resistance values do not
change, the power supply can be monitored. By measuring
power supply, it can be determined whether any of the 2 volt
offset have changed, as well as determine how much change
can be expected in the amplifier circuits based on the change
in the 2 volt offsets.

FIGS. 2A-2C illustrate switches U2A, U2B as extra
switches that are not used. FIGS. 2A-2C also illustrate a +10
volt regulator powered by two 10 volt regulators REG1,
REG2 to generate 10 volts out of a 28 volt aircraft bus. In this
embodiment, Regulator REG1 has an output at or around 15
volts, and Regulator REG2 is configured to decrease the
voltage output in REG1 to 10 volts. In other words, Regula-
tors REG1, REG2 are linear regulators that are configured to
generate 10 volts.

The embodiment illustrated in FIGS. 2A-2C also include a
+28 power down quiescent load switch, which is comparable
to the power down mode shown in FIG. 1. The switch includes
resistors R9, R7, R8, LOAD R, and MOSFETs Q1, Q2. The
switch applies a load across the solar cell when a power is
taken away, and when the solar cell is not being measured.
The load being applied should be powered by a 12 ohm load
resistor LOAD R.

For example, when there is no +10 volt power supply, gate
of MOSFET Q1 connects to ground to turn MOSFET Q1 off.
When MOSFET Q1 is off, the gate of MOSFET Q2 is allowed
to float. Because the gate of MOSFET Q2 is tied through R8
to the top of the solar cell, a positive voltage is provided at the
gate of MOSFET Q2. And, as a result, a positive voltage is
provided to V 5, of MOSFET Q2 which turns MOSFET Q2
on providing a current path for the solar cell through load
resistor LOAD R to ground. In other words, as +10 volt goes
away, MOSFET Q2 is turned on, providing a current path
through load resistor LOAD R.



US 8,159,238 B1

11

However, when the +10 volt turns on, MOSFET Q1 turns
on, which turns MOSFET Q2 off. For example, when MOS-
FET Q1 turns on, a positive voltage at the gate of MOSFET
Q1 is provided at approximately 8 volts to V;; of MOSFET
Q1. As aresult, the gate of MOSFET Q2 is effectively shorted
by placing the gate of MOSFET Q2 to ground and setting the
Vs 0of MOSFET Q2 to 0 to turn MOSFET Q2 off] i.e., taking
the load resistor LOAD R off the circuit.

Therefore, the embodiments described above with respect
to FIGS. 2A-2C allow the I-V curve to be generated when the
power is on, and to load the solar cell to monitor the life
degradation while the power is off.

FIG. 3 illustrates a method of measuring four variables on
a solar cell board including two channels, in accordance with
an embodiment of the present invention.

At 305, a frequency (or waveform) at 1 cycle per second is
generated by an oscillator with a low period of approximately
880 mS and a high period of approximately 120 mS. At 310,
an inverter receives the frequency from the oscillator and
inverts the frequency to have an inverted high period of 880
mS and an inverted low period of 880 mS. At 315, when the
frequency outputted at the oscillator is low, a first set of
switches are closed, and a second set of switches are opened.
The opening of the first set of switches allows measurements
of'the current and voltage of the solar cell to be performed. At
320, a ramp generator receives the generated frequency and
gradually increases voltage of a MOSFET over the low period
of' 880 mS. In this embodiment, the voltage is increased to a
MOSFET threshold of 6.24.

At 325, when the frequency outputted by at the oscillator is
high, the first set of switches are open and the second set of
switches are closed. This allows for a current of a shorted cell
and a reference voltage to be measured. At 330, the ramp
generator receives the generated frequency, and decreases the
voltage of the MOSFET over a high period of 120 mS. In this
embodiment, the voltage is decreased to approximately O
volts, sufficient to turn off the MOSFET.

Stated another way, the above-described embodiment
shown in FIG. 3 provides a method to quickly and efficiently
measure four variables onto two channels. For example, dur-
ing the 880 mS ofthe waveform, the current and voltage of the
solar cell is measured by increasing voltage of the MOSFET.
During the 120 mS of'the cycle, the voltage reference and the
current of the shorted cell is measured as the voltage to the
MOSFET is rapidly being decreased. The switches are used
to time-multiplex between the measurements being per-
formed.

FIG. 4 illustrates a method for detecting when power is
removed from the solar cell board, in accordance with an
embodiment of the present invention. At 405, a determination
is made as to whether power is supplied to a solar cell board
by a 10 volt power supply. If power is supplied, then a +28
power down load switch does not take any action. However, if
power has been withdrawn, a 12 ohm Load R resistor is
switched in through a use of a MOSFET at 410. At 415, a
current path for a solar cell is provided through the 12 ohm
Load R resistor, and the MOSFET of the +28 power down
load switch. At 420, the +28 power down load switch deter-
mines as to whether the solar cell board is powered by the 10
volt power supply. If the 10 volt power supply is not powering
the solar cell board, then the 12 ohm load R resistor continues
to stay in the current path. However, if the 10 volt power
supply is powering the solar cell board, then the MOSFET of
the +28 power down load switch is turned off, and the 12 ohm
Load R resistor is switched out of the solar cell current path at
425.
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Stated another way, the above-described embodiment
shown in FIG. 4 allows a load to be applied to the solar cell to
effectively monitor the life degradation of the solar cell when
the 10 volt power supply is not powering the solar cell board.

The method steps performed in FIG. 3 and FIG. 4 may be
performed by a computer program product, encoding instruc-
tions for the nonlinear adaptive processor to perform at least
the method described in FIG. 3 and the method described in
FIG. 4, in accordance with an embodiment of the present
invention. The computer program product may be embodied
on a computer readable medium. A computer readable
medium may be, but is not limited to, a hard disk drive, a flash
device, a random access memory, a tape, or any other such
medium used to store data. The computer program product
may include encoded instructions for controlling the nonlin-
ear adaptive processor to implement the method described in
FIG. 3, and the method described in FIG. 4, which may also
be stored on the computer readable medium.

The computer program product can be implemented in
hardware, software, or a hybrid implementation. The com-
puter program product can be composed of modules that are
in operative communication with one another, and which are
designed to pass information or instructions to display. The
computer program product can be configured to operate on a
general purpose computer, or an application specific inte-
grated circuit (“ASIC”).

A person of ordinary skill in the art would appreciate that
the above described embodiments can be modified to provide
two [-V sweep systems, or a system which time multiplexes a
number of measurement pairs onto two analog to digital
conversion channels. For example, a person of ordinary skill
in the art would appreciate that n measurements can be time
multiplexed onto the two channels by creating a complex
waveform generator, i.e., a binary counter with a demulti-
plexer, and thus be able to measure n variables once per cycle.

One having ordinary skill in the art will readily understand
that the invention as discussed above may be practiced with
steps in a different order, and/or with hardware elements in
configurations which are different than those which are dis-
closed. Therefore, although the invention has been described
based upon these preferred embodiments, it would be appar-
ent to those of skill in the art that certain modifications,
variations, and alternative constructions would be apparent,
while remaining within the spirit and scope of the invention.
In order to determine the metes and bounds of the invention,
therefore, reference should be made to the appended claims.

We claim:

1. An apparatus for in-situ monitoring of solar cells, com-
prising:

an oscillator that generates a waveform comprising a low

time and a high time;

an inverter that receives the waveform generated by the

oscillator, and inverts the waveform; and

a ramp generator that increases a gate control voltage of a

transistor connected to a solar cell, and then rapidly
decreases the gate control voltage of the transistor,
wherein, during the low time of the waveform, a mea-
surement of a current and a voltage of the solar cell is
performed as the current and voltage of the solar cell are
transmitted through a first channel and to a second chan-
nel, and wherein, during the high time of the waveform,
a measurement of a current of a shorted solar cell and a
voltage reference is performed as the current of the
shorted solar cell and the voltage reference are transmit-
ted through the first channel and the second channel.

2. The apparatus of claim 1, wherein the low time is longer
than the high time, and
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wherein the low time has a duration of approximately 880
milliseconds, and the high time has a duration of
approximately 120 milliseconds.

3. The apparatus of claim 2, wherein, during the low time of
the waveform, the ramp generator is configured to progres-
sively increase the gate control voltage of the transistor from
approximately 2 volts to a threshold voltage of approximately
6.24 volts to switch the transistor to a fully conductive state.

4. The apparatus of claim 2, wherein, during the high time
of'the waveform, the ramp generator is configured to decrease
the gate control voltage of the transistor to approximately O
volts.

5. The apparatus of claim 1, wherein the inverted waveform
comprises an inverted high time longer than the inverted low
time, and

wherein the inverted high time has a duration of approxi-
mately 880 milliseconds, and the inverted low time has a
duration of approximately 120 milliseconds.

6. The apparatus of claim 5, wherein, during the inverted
high time of the inverted waveform, a first set of switches are
turned on to transmit the current and voltage of the solar cell
through the first and second channel.

7. The apparatus of claim 1, wherein, during the high time
of the waveform, a second set of switches are turned on to
transmit the current of the shorted cell and the voltage refer-
ence through the first and second channel.

8. An apparatus for in-situ monitoring of solar cells, com-
prising:

an oscillator operatively connected to a first set of switches
and a second set of switches, and to that outputs a wave-
form with a low time and a high time;

an inverter operatively connected to the oscillator, and that
inverts the waveform received from the oscillator;

a ramp generator operatively connected to the oscillator,
and that increases a gate control voltage of a first tran-
sistor and then rapidly decreases the gate control voltage
of the first transistor; and

a solar cell string comprising a first node operatively con-
nected to a drain of the first transistor, and a second node
operatively connected to a source of the first transistor
via a first resistor,

wherein, when the ramp generator increases the gate con-
trol voltage of the first transistor, the solar cell string is
subjected to a decreasing resistance of the first transistor
to monitor a voltage and a current of the solar cell string.

9. The apparatus of claim 8, wherein the ramp generator
increases the gate control voltage of the first transistor to a
threshold voltage of 6.24 volts during the low time of 880
milliseconds.

10. The apparatus of claim 8, wherein the ramp generator
decreases the gate control voltage of the first transistor from a
threshold voltage to a maximum off voltage of approximately
0 volts during the high time of 120 milliseconds.

11. The apparatus of claim 8, wherein the increase of the
gate control voltage and the decrease of the gate control
voltage of the first transistor occur during a sweeping period
of 1000 milliseconds.

12. The apparatus of claim 8, further comprising:

a first difference amplifier operatively connected to the
solar cell string, and that outputs a voltage during a
sweeping period, wherein the outputted voltage is a dif-
ference between a voltage received at a positive input of
the first difference amplifier and a voltage received at a
negative input of the first difference amplifier, wherein,
during the sweeping period, the voltage outputted from
the first difference amplifier remains constant, and out-
putting a voltage from a first difference amplifier, the
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outputted voltage is a difference between a voltage
received at a positive input of the first difference ampli-
fier and a voltage received at a negative input of the first
difference amplifier,

wherein the outputted voltage from the first difference
amplifier remains constant, and the amplifier presents
substantially no load to the apparatus.

13. The apparatus of claim 8, further comprising:

a second difference amplifier operatively connected to the
first resistor, and configured to receive a voltage from the
first resistor, and output an amplified voltage propor-
tional to the current of the solar cell string,

wherein the voltage from the first resistor is analogous to a
current from the solar cell string during a sweeping
period.

14. The apparatus of claim 13, wherein, when the ramp
generator increases the gate control voltage of the first tran-
sistor, the current from the solar cell string is increased, and
the voltage across the first resistor is simultaneously
increased.

15. The apparatus of claim 8, further comprising:

athird difference amplifier operatively connected to a solar
cell via a second resistor, and configured to output a
voltage received from the second resistor based on a
static current provided from a shorted solar cell.

16. The apparatus of claim 8, further comprising:

a voltage divider comprising a third resistor and a fourth
resistor,

wherein the third resistor and fourth resistor are configured
to divide a voltage generated by a power supply into half,
and to measure the voltage of the power supply during
the high time of the waveform.

17. The apparatus of claim 8, wherein the first set of
switches operatively connect to a first channel and a second
channel, and wherein, when the inverted waveform outputted
from the oscillator is at a high time, the first set of switches are
configured to close to allow voltages from a first difference
amplifier and a second difference amplifier to be outputted
through the first and second channels.

18. The apparatus of claim 8, wherein the second set of
switches operatively connect to a first channel and a second
channel, and wherein, when the waveform outputted from the
oscillator is at the high time, the second set of switches are
configured to close to allow voltages from a third difference
amplifier and a voltage divider to be outputted through the
first and second channels.

19. The apparatus of claim 8, further comprising:

a power down load that comprises a second transistor, a
fifth resistor, and a power down detector, and wherein
the power down load provides a load to the solar cell
string when power is removed from the apparatus.

20. The apparatus of claim 19, wherein the power down
detector is configured to detect when power is removed from
the apparatus.

21. The apparatus of claim 20, wherein, when the power is
removed from the apparatus, the fifth resistor is configured to
activate the second transistor and to load the solar cell string,
and wherein the fifth resistor is a 12 ohm resistor.

22. A method for in-situ monitoring of solar cells, com-
prising:

generating a waveform comprising a low time and a high
time;

receiving the waveform from an oscillator, and inverting
the waveform;

increasing a gate control voltage of a transistor connected
to a solar cell, and then rapidly decreasing the gate
control voltage of the transistor;
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measuring, during the low time of the waveform, a current
and a voltage of the solar cell as the current and voltage
of the solar cell are transmitted through a first channel
and to a second channel; and

measuring, during the high time of the waveform, a current

of'a shorted cell and a voltage reference as the current of
the shorted cell and the voltage reference are transmitted
through the first channel and the second channel.

23. The method of claim 22, wherein the low time is longer
than the high time, and

wherein the low time is 880 milliseconds, and the high time

is 120 milliseconds.

24. The method of claim 22, wherein the inverted wave-
form comprises an inverted high time longer than the inverted
low time, and

wherein the inverted high time is 880 milliseconds, and the

inverted low time is 120 milliseconds.

25. The method of claim 24, further comprising:

turning on, during the inverted high time of the inverted

waveform, a first set of switches to transmit the current
and voltage of the solar cell through the first and second
channel.

26. The method of claim 23, wherein, during the low time
of the waveform, the increasing of the gate control voltage is
from 2 volts to a threshold voltage of 6.24 volts to switch the
transistor to a fully conductive state.

27. The method of claim 23, wherein, during the high time
of the waveform, the gate control voltage is decreased to
approximately O volts.

28. The method of claim 22, further comprising:

turning on, during the high time of the waveform, a second

set of switches to transmit the current of the shorted cell
and the voltage reference through the first and second
channel.

29. A method for in-situ monitoring of solar cells, com-
prising:

outputting a waveform with a low time and a high time;

inverting the waveform received from an oscillator;

increasing a gate control voltage of a first transistor, and
then decreasing the gate control voltage of the first tran-
sistor; and

subjecting a solar cell string to a decreasing resistance and

monitoring a voltage and a current of the solar cell string
by increasing the gate control voltage of the first tran-
sistor, which is connected to the solar cell string.

30. The method of claim 29, wherein the increasing the
gate control voltage of the first transistor is to a threshold
voltage of 6.24 volts during a low time of 880 milliseconds.

31. The method of claim 29, further comprising:

outputting a voltage from a first difference amplifier, the

outputted voltage is a difference between a voltage
received at a positive input of the first difference ampli-
fier and a voltage received at a negative input of the first
difference amplifier,

wherein the outputted voltage from the first difference

amplifier remains constant, and outputting a voltage
from a first difference amplifier, the outputted voltage is
a difference between a voltage received at a positive
input of the first difference amplifier and a voltage
received at a negative input of the first difference ampli-
fier,
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wherein the outputted voltage from the first difference
amplifier remains constant, and the amplifier presents
substantially no load to the apparatus.

32. The method of claim 29, further comprising:

5 receiving a voltage from a first resistor; and
outputting, from a second difference amplifier, an ampli-

fied voltage proportional to the current of the solar cell
string,

wherein the voltage from the first resistor is analogous to a

current from the solar cell string during a sweeping
period.

33. The method of claim 32, further comprising:

increasing the current from the solar cell string, and simul-

taneously increasing the voltage across the first resistor,
when the gate control voltage of the first transistor is
increased.

34. The method of claim 29, further comprising:

outputting, from a third difference amplifier, a voltage

received from a second resistor based on a static current
provided from a shorted solar cell.

35. The method of claim 29, further comprising:

dividing, by a voltage divider, a voltage generated by a

power supply into half; and

measuring the voltage of the power supply during the high

time of the waveform.

36. The method of claim 29, further comprising:

closing the first set of switches to allow voltages from a first

difference amplifier and a second difference amplifier
flow through the first and second channels, when the
inverted waveform outputted from the oscillator is at a
high time.

37. The method of claim 29, further comprising:

closing the second set of switches to allow voltages from a

third difference amplifier and a voltage divider flow
through to the first and second channels, respectively,
when the waveform outputted from the oscillator is at
the high time.

38. The method of claim 29, further comprising:

activating a second transistor when power is removed from

an apparatus; and

providing a load, from the second transistor, to the solar

cell string via a 12 ohm resistor.

39. An apparatus for in-situ monitoring of solar cells con-
figured to measure a plurality of measurement variables on
45 two channels, the apparatus comprising:

a clock generator that generates a waveform operating at a
frequency of one cycle per second;

a ramp generator that increases a gate control voltage on a
transistor connected to a solar cell and decrease the gate
control voltage connected to the transistor; and

a switch that allows the ramp generator to increase the gate
control voltage of the transistor, and to that allows cur-
rent and voltage measurements on the two channels,
during a long period of the cycle,

wherein the switch is further configured to allow the ramp
generator to decrease the gate control voltage, and to
allow a current of a shorted cell and a voltage reference
to be measured on the two channels, during a short
period of the cycle.
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